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(54) MOTOR CONTROLLER AND RECORDER EMPLOYING IT 

(57)Abstract: 
i PROBLEM TO BE SOLVED: To perform optimal 
^feedback control even upon fluctuation of load by 
* performing speed control depending on the selection 
v results of means for selecting one control mode. 
( SOLUTION: A PID control means 1 calculates a control 
I amount based on a difference Ve calculated by a 
y difference calculating means 10, and a control mode 
\ comprising preset control constants among a plurality of 
1 contrp l rpodfe5_ comprising different combinations of 
u con trol c o nstants . A motor driver control means 2, a 
ii motor driver Jj, a "motor 4 and a control object 5 are 
n driven depending on the control amount thus calculated. 
\\ A speed produced by driving the control object 5 is 
\- detected by a speed detection means 6 and the 
^'detection results are held in a detection results holding 
^ means 7. Acceleration of the control object is then 
y calculated from the detection results held in the holding 
,i means 7 and compared with a comparison value by a 
^ comparing means 8. 
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FWM latch 60 and causing the PWM cycle to repeat FIGS. 
7 and 9 together give an overview of the operation of the 
FWM driver circuit of FIG. 6 for various situations. 

When at time t 3 in the (right as shown) PWM period 
(FIGS. 8a-8*), reaches damp voltage Vcc(3R/(3R+ 
2R)X the signal Vcpl (FIG. 86) from the clamp circuit 66 
goes high producing a zero voltage at the output of the 
inverting OR gate 68 and causing the inverted output VI of 
comparator 67 to go high. The load current (second FWM 



current (FIG. lla) rises above and the high pulse in 
signal V (kH _ rw ^ (FIG, 11/) endures for this same span of time. 
On the other nand, under these same load conditions in the 
circuit of FIG. 6a, the load current (FIG. lla) does not 
overshoot and the high pulse in V,,,*^ (FIG. lie) is a 
mere impulse of no significant width. 

Thus FIG. 6a has the advantage that under this load 
condition, the load current does not go far out of regulation, 
and the circuit of FIG. 6b has the advantage that under this 



period shown in FIG. 8c) reaches the level at which Vs=V . io load condition that the width of the high pulse is a 

I C ■ • «a mr ... a mrnrnr» nf tin rltni.. I I. T .1 *» Win M 11 



before the rising capacitor voltage reaches the clamp 
voltage, and t a occurs before tj. Now the inverted signal V x 
from the output of the comparator 67 (FIG. lid) and the 
signal V 2 from the output of the comparator 70 are combined 
at the input of AND gate 84 to produce a high logic pulse 
having a width from t a to t 3 in the V^,^ signal (FIG. 8*) 
at pad 48. 

In this second PWM period of FIGS. 8o-8£, the set signal 
(FIG. 8/) goes low at time tj which is the same time that the 



measure of the degree by which the PWM controller fails to 
regulate. 

It can be seen that the circuit of FIG. 6c is the same as that 
of FIG. 6a, except for breaking the connection between the 
15 output of AND gate 84 and the LC pad at which V^^^ is 

latch 85 that is set from the 



generated, and adding a V n<H _ /wt 

output of AND gate 84 and reset from the output of 
comparator 67. Thus the circuit of FIG. 6c has the advantage 

v . VJ/ & ™ w „ ^ „ „ w UJtl ^ mat under this load condition, the load current (FIG. 11c) 

rest signal shown in FIG. 8* goes high. The PWM control 20 d( ^ cs not 8° far out regulation and the advantage that the 
circuitry is operating at the minimum duty cycle value. Due widm of tnc w (FKj. Ug) is a measure of 
to the set^ominant behavior of the latch 60 in the circuit of mc ty which the PWM controller fails to regulate, 
FIG. 6a, the PWM controller will also be operating at the The PWM controlled bridge driver of FIG. 12 includes a 
minimum duty cycle value, when as indicated in the second fixed off-time PWM controller of the same construction as 
period of FIGS. 8a-8&, the time during which the load 25 in the bridge driver of FIG. 6a; except for removal of the 

components necessary there to provide a sample time during 
which a not_reg signal may be provided, Le. sample com- 
parator 70, voltage divider 74 and AND gates 76 and 84; and 
except for the addition of components that will provide for 
30 PWM operation with mixed two quadrant and four quadrant 
operating modes in each PWM period. 

Of course, the FWM bridge circuit of FIG. 6a (and FIGS. 
6b and 6c) can be made to operate with mixed two and four 
quadrant modes, but must be instructed to do so by applying 
35 the appropriately timed signals V,^ to terminal pad 57. In 
FIG. 10, a mode comparator 96 is added externally to the 



current exceeds the desired reference level (V^/Rs) occurs 
prior to the time at which the set signal goes low, t^. 

In the case that the load current exceeds the desired 
reference level at a time (sample time) between tj and tg the 
signal will be high from the time the load current 



exceeds the desired reference level until ta. In this case, the 
set input will already be low and since output of comparator 
80 is high the PWM latch may be reset immediately thereby 
affecting the PWM duty cycle. In such a case, the duty cycle 
of the PWM controller will not be at a minimum value, but 
instead will be at a near minimum value. Thus for the circuit 
in FIG. 6a, the signal indicates that the FWM duty 

cycle has dropped to the minimum or nearly the minimum 
duty cycle and as a result may be used as a signal to indicate 
that load current is either poorly regulated or near to the 
level at which the current will become poorly regulated. 

Furthermore, as long as the driving transistor turn-off 
delays are such that the drivers turn off after the end of the 
sample time, the reset signal once high will remain high and 
thus the pulse width of the pulse can be used as an 

indication of how nearly the circuit is operating to the 
minimum duty cycle and thus how close the load current is 
to the level at which poor regulation will occur (ie. the 
narrower the closer). 

FIGS. 9a-h show waveforms in each of the PWM circuits 
of FIGS. 6a, 6b and 6c for the load condition that the 
moment t a at which load current rises to exceed the reference 
current occurs during the sample time (t^ to t,), so that 
t a occurs before t^ 

It can be seen that the circuit of FIG. 6b is the same as that 
of FIG. 6a, except for the removal of the connection from 
the output of latch 60 to a third input of AND gate 82, the 
removal of the AND gate 76 and inclusion of a direct 



40 



45 



integrated circuit chip 45 (of FIG. 6a) and an external 
voltage divider 98, made up of resistors of values R t and 
is connected to pad 97. 

Similarly, the integrated circuit of FIG. 12 is the same as 
that of FIG. 6a, except a mode comparator 96 and a terminal 
pad 97 have been added, and an external voltage divider 98 
is connected between Vcc and ground to provide the mode 
reference voltage Vm. In FIG. 12, when the timer-capacitor 
voltage rises to Vm the output of the comparator 96 
changes from a high to a low binary level, where 

The inputs of comparator 96 are connected respectively to 
50 the timer capacitor C r and to the voltage divider 98 via pad 
97. 

In each PWM period, before the voltage rises to the 
voltage Vm of voltage divider 98, the output of mode 
comparator 96 is high holding on via OR gate 77 the bridge 
driver transistor 52 while driver transistor 53 is free to be 
chopped by the PWM gating pulses from the output of the 
latch 60. When V^ further rises to exceed Vm, the output 
of mode comparator 96 goes low freeing both driver tran- 
sistors 52 and 53 to be chopped by the signal from the PWM 



55 



connection of the V, signal to the set input of latch 60 and eo latch 60. These two states during the off-time correspond 
a direct connection of the output of comparator 70 to an respectively to two quadrant and four quadrant mode opera- 
input of AND gate 84, and the addition of a connection from tion. When at time t a the PWM gating pulse from the output 
mecnitputof<»rnrwatc^ of latch 60 goes low and turns off the bridge driver 

This has the major effects that, unlike in FIG. 6a, the transistors, four quadrant mode operation continues for a 
PWM latch 60 in FIG. 6b cannot be reset untfl the voltage 65 first portion of the off-time until V^ drops below Vm and 
w *c (PIG. 114) across oscillator capacitor 64 stops rising at during the remainder of the off-time two quadrant mode 
i a . and that during the span of time between t a and t, the load operation is in effect 
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DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 



The integrated circuits in FIGS. 6a, 6b and 6c include 
fixed off-time bridge driver control circuits that permit a 
predetermined maximum amount of excessive load current 
to occur each PWM period, relative to a reference voltage 
V^that may be applied at terminal pad 46, before a binary 
not_regulating signal pulse is produced at terminal pad 48. 

The bridge has four driver transistors 51, 52, 53 and 54. 
For the sake of clarity the PWM driver control circuits in 
FIGS. 6a. 6b and 6c have been shown to control only the 
bridge driving transistors 52 and 53 for driving current 
through the inductive load 56 from right to left as shown. 
With the addition of the control circuitry shown in FIG. 7 the 



10 



capacitor 64 and pull-up current source 62 may be chosen to 
determine the sum of the blanking and sample times. The 
ratio of the resistors in the voltage divider 72 may be chosen 
to divide the sum of the blanking and sample times into the 
desired ratio of blanking time to sample tune. The user may 
then adjust the resistor 65 to set the fixed off -time, t^ 

This PWM control circuit is described in more detail in 
our provisional patent application, Ser. No. 6CV001238. 
having became a complete patent application entitled PWM 
DRIVER FOR AN INDUCTIVE LOAD WTTH DETEC- 
TOR OF A NOT_JU2GULATTNG PWM CONDITION, 
which is assigned to the same assignee as is the present 
invention. That patent application also describes other PWM 
control circuits, not presented here, mat generate a V, not 



With the addition of the control circuitry shown in FIG. 7 the _ ™™*V r " A „ ~. . . 

^"r , i ^ a* nat ;„„ 15 signal, and for these reasons that application is incorporated 

PWM control signals may be connected to the gating . 



elements 58 and 59, as well as driving transistors 53 and 52, 
in such a manner to allow the PWM circuitry to control the 
load current bi-directionally. When a high binary signal 
Vmode is applied to pad 57, the bridge transistors operate in ^ 
the two quadrant operating mode, i.c transistor 52 is held on 
while transistor 53 is chopped by the Q output signal from 
the latch 60, a simple set/reset latch. 

Referring now to the circuit of FIG. 6a, the AND gate 82 
may let through the set pulses from the output of sensing w 
comparator 80 but has the effect of preventing resetting of 
the latch 60 until the set pulse at the input latch 60 
terminates, and thus the AND gate 82 renders the latch 
set-dominant AND gate 84 produces a high logic signal 

v *o<_n* wncn durin fc I* 1 * timc SP* 11 fr° ra to tj (FIG. 8) the w 
bridge load current 1 L exceeds the level at which V, equals 
In practice, even though at time t fl when V, has risen to 
equal the latch 60 is latched off, the driven bridge 
transistors respond by turning off after a delay time that is a 
direct function of the circuit propagation delays including 35 
the driving transistors switching speeds. This PWM bridge 
driver control circuit provides a constant off time, Le. the 
time (t^from t a to t^ in each PWM period (luring which the 
chopped driver transistors) is (are) off. 



by reference herein. 

With further respect to FIG. 6a, the initiation at time t 4 of 
each set pulse (FIG. BJ) at the set input of latch 60. occurs 
when the current source 61 is switched on via a signal from 
the OR gate 63 caused by the output of the oscillator 
comparator 67 going low which occurs when the capacitor 
discharges to a voltage Vcc(R/(R+3.5R)) determined by the 
voltage divider 74. The switchable current-source current 
Ics (FIG. 8a) is turned on via OR gate 68 and begins 
charging the external capacitor 64, When at time t, the 
capacitor voltage V^ (FIG. 8c) reaches Vcc(3R(3R+2R)). 
determined by the voltage divider 72, the output signal V 2 
(FIG. 8?) from comparator 70 goes low and the set pulse at 
the input of the latch 60 goes low allowing the output of 
comparator 80 to reset or not to reset the latch as determined 
by V^and the voltage across the sense element 79. 

Referring to FIG. 9, the rate of the rising portion in the 
wave form of voltage across the capacitor 64 in FIG. 6a 
determines the blanking time, t, to and the sample time. 
t> to tg, is simply the remaining time in which the capacitor 
charges to the clamp voltage of 0.6 Vcc. 

When at time t 3 in the (left as shown) PWM period (FIGS. 
8a-8m), reaches clamp voltage Vcc(3R/(3R+2R)) 



In FIG. 6a (and FIGS. 6b and 6c), the fixed off time t^is ^ determined by the voltage divider in the clamp circuit 66, the 
a function of the time constant of the external resistor signal Vcpl (FIG. Sb) from the damp circuit 66 goes high 
65 and capacitor 64, namely l^kjC^ (0.6Vcc/022Vcc), producing a zero voltage at the output of the inverting OR 
which for the above given resistor ratios of voltage dividers gate 68 and causing the inverted output VI of comparator 67 
74 and of damp circuit 66 is very nearly equal to RjC^ One to go high. When at time t a the current through the sense 
reason to adjust the charge-current ramping rate may be to 45 element 79 causes the voltage on the positive input to the 
adjust (e.g. upward) the above-noted delay time after t a by comparator 80 to be greater than V^» the comparator output 
an (upward) adjustment of the capacitance of capacitor 64. goes high. Since all inputs to the AND gate 82 are high, the 
The wave forms shown in FIGS. 8/, 8$, 8/ and 8* are PWM latch is reset thereby turning off driving transistor 53. 
respectively of the set pulse signal, the load current, the reset Because of circuit delays, the chopped driver transistors tarn 
signal and the bridge-driver PWM gating signal from the 50 off and load current 1^ begins to decay at time i d after time 
latch 60 in the circuit of FIG. 6a. as illustrated (exaggerated) in FIG. 8g. Also, when the Q 

The user of this PWM bridge control circuit may first output of 
adjust the capacitance of the external capacitor 64 to adjust During proper PWM regulation (waveforms in the first 
the ramp rate of the oscillator RjC T charging current in the period shown in FIGS. 8a-8*), V^ remains clamped to the 
capacitor 64. This ramp rate determines the sum of the 55 clamp voltage until at time i a the inductive load current 
blanking time and sample time. To allow a low value of (FIG. 8g) has reached the level at which the voltage across 
PWM duty cyde to be achieved, the blanking time is the sensing resistor 79 exceeds the applied voltage V^ and 
typically set to the minimum value that avoids false tripping sensing comparator 86 produces a signal (FIG. 8A) that via 
of the PWM latch 60. AND gate 82 produces a reset signal (FIG. 80 which resets 

This minimum required blanking time is largdy a tunc- 60 latch 60 and turns off the PWM chopped bridge transistors) 
tion of the PWM circuit delays, tolerances in the system and at time t^. When the Q output of the PWM latch 60 goes low, 
the switching characteristics of the driving transistors and the OR gate 63 disables the pull-up current source 62 and 
flyback diodes. The sample time may be as short as the time thus the capacitor 64 is discharged by resistor 65. After a 
required for the circuit propagation delays to produce a valid time approximately equal to RC the voltage 00 me capacitor 
V mot~* pulse but may also be of longer duration. Thus for 63 64 will have decayed to less than Vcc(R/(R+3 SR))* estab- 
a given semiconductor circuit the desired blanking and lishing the PWM fixed off-time, and thus the output of 
sample times may be determined and hence the value of comparator 67 wfll go high at the next tj thereby setting the 
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FIG. Id shows a waveform of the latch output signal off-time PWM bridge driver controller providing for mixed 

including gating pulses for turning on the driver transistor in two quadrant and four quadrant operating modes in each 

the driver circuit of FIG. 1. PWM period. 

JJX 2 £Zl~ ^i^T ^ * C nG - 13 **» mc «™ form of voltage across the timer 

applied reference voltage, the curve 28a characterizing 5 ^^^^ A lTr : n( , ftn . pww :„ *kTL't™# ^ nr<- 7> 

PWM load current regulation in the driver circuit of FIG. 1 ***** during one FWM penod in the circuit of FIG. 12. 

the curve 286 characterizing the load current regulation for nG * 14 shows a taWc rf operating logic signals and 

a bridge driver circuit operating in four quadrant decay corresponding operating modes for the FWM bridge driver 

mode, and the curve 29 characterizing the corresponding circuit of FIG. 12. 

ideal PWM load current regulation. 1Q FIG. 15 shows the relationships of four distinct times, in 

FIG. 3 shows a circuit diagram of a prior art PWM bridge a PWM period for the bridge driver of FIG. 12, to bridge 

driver with an inductive load. driver component values. 

FIG. 4 shows a table of the status of operation at several FIG. 16 shows the wave form of the load current in the 

points in the bridge circuit of FIG. 3 for both two and four bridge driver of FIG. 12 during PWM periods of mixed two 

quadrant PWM operation modes. 15 and four quadrant operation. 

FIG. 5 shows a composite graph of characteristic expo- fig. 17 shows a fifth circuit diagram of an integrated 

ncntiaUy rising and falling load currents in the prior art circuit bridge driver of this invention including a fixed 

PWM driver circuit of FIG. 3 and a related driver load- off-time FWM bridge driver controller providing for the 

anrent wave form for two quadrant PWM operating mode automatic mixing of two quadrant and four quadrant oper- 

with V^held at zero volts. ating modes in each PWM period. 

FIGS. 6a, 6^and 6c show first, second and third inte- na 18 ±om me wavc form rf vohagc mc ^ 

grated circuit PWM bridge drivers of this invention, each capacitor during one PWM period in the circuit of FIG. 17. 

having fixed off-time type PWM bridge driver controller. ™ 10 m . tm , *T , . . , 

They differ from each other in the logicthat determines how na * sboWS ** Wc * "TTi^lT^l *** 

the not regulating signal is generated, in either of two 25 IST^ badge driver 

directions through the load. circuit of FIG. 17. 

FIG. 7 shows additional circuit blocks needed to be added 20 fhows a sixthOTCirit diagram of bridge driver of 

to the PWM controlled bridge driver of FIG. 6a to control ^ mvention with a PWM controller providing a fixed 

the bridge current in either of two directions through the ^ m a 1 llxcd ^ y ****** 1***°* and 40 

ioa< L 30 adaptive fast-decay off-time portion. FIGS. 21a and 

FTftt fUi Uh fu %+ *f ft« u. ft; ft; *t,a at ,w, f 21i?show, respectively waveforms of the timing-capacitor 

FIGS. 8a H>, 8c 8* 8/, 8g, 8*, &, 8/ and 8* shows ^ y ^ m load cinrcnt r m thedrcuit of FIG 

logic waveforms and waveforms of current and voltage in 20 *° ^ 01 rAW * 

the bridge driver of FIG. 6. These waveforms are drawn to _ 

the same scale. The PWM period on the left corresponds to HG * 22 shows a scvcnth circ ^ i diagram of a bridge driver 

a moderate level of V^, and good regulation. The PWM 35 of invention providing a fixed off-time and an 

period on the right corresponds to a low level of V - and adaptive ratio of slow decay to fast-decay off-time portions, 

poor regulation. which ratio is a function of the width of a not_jeg pulse, 

FIG. 9 shows the wave form of voltage across the FIGS. 23c, 236 and 23c show, respectively, waveforms of 

timer capacitor during one PWM period in the circuit of thc timing-capacitor voltage of the mode-allocation- 

FIG. 60. 40 capacitor (110) voltage V4, and of the load current ^, in the 

FIG. 9a shows a table of operating logic signals and drcuit of HG * 22 - 

corresponding operating modes for the PWM bridge driver FIG. 24 shows an eighth circuit diagram of bridge driver 

circuit of FIG. 60. of this invention with providing a fixed frequency PWM 

FIG. 10 shows added external components to the inte- control, and an adaptive ratio of slow decay to fast-decay 

grated circuit of FIG. 6ofor providing one form of mixed 45 off-time portions, which ratio is a function of the width of a 

two and four quadrant mode operation during each PWM not_j"eg pulse. 

period. FIGS. 25a, 2Sb and 25c show, respectively, waveforms of 

FIGS. 11a, lib and 11c show for comparison, waveforms mc timing-capacitor voltage of the mode-allocation- 

af load current in the bridge circuits respectively of FIGS. capacitor (110) voltage V4, and of the load current 1^, in the 

6a, 6b and 6c, under the condition that moment X a at which 50 circuit of FIG. 24. 

load current rises to exceed the reference current 1^ occurs FIG. 26 shows a ninth circuit diagram of bridge driver of 

during the sample time. this invention with providing a fixed PWM frequency and an 

FIGS, lie, 11/ and llg show waveforms for comparison adaptive ratio of slow decay to fast-decay off-time portions, 
of the V mai _ m9 signal in the bridge circuits respectively of 55 which ratio is a function of the width of a not_rcg pulse. 
FIGS. 6a, 6b and 6c, under the condition that moment t a at FIGS. 27a, 276 and 27c show, respectively, waveforms of 
which load current rises to exceed the reference current 1^ the timing-capacitor voltage of the mode-allocation- 
occurs during the sample time. J capacitor (110) voltage V4, and of the load current ^, in the 

FIG. llo* shows the waveform of the voltage across the circuit of FIG. 26. 

RC oscillator capacitor in the bridge drcuiU of FIGS. 6a, 66 FIG. 28 shows a tenth circuit diagram of bridge driver of 

and 6c, under the condition that moment t a at which load this invention providing an adaptive ratio of slow decay to 

current rises to exceed the reference current 1^ occurs fast-decay off-time portions using cumulative over-current 

during the sample time. signals. 

FIGS. 11a, lib, 11c, Uo\ lie, 11/ and llg are all drawn FIGS. 29a, 29b and 29c show, respectively, waveforms of 
to the same scale. w the timing-capacitor voltage VrtC, of the modc-aUocation- 

FIG. 12 shows a fourth circuit diagram of an integrated capacitor (110) voltage V4, and of the load current 1^, in the 

circuit bridge driver of this invention Including a fixed circuit of FIG. 28. 
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it would asymptotically approach (-V SA7 -V x> -V fl£3fc/F )/(Rs+ 
RJ, A negative BEMF voltage condition commonly occurs 
in brush and brushless DC motors when a change in the 
desired direction of rotation, and thus the polarity of the 
applied bridge voltage, causes V aeMF to be negative until 
such time as the motors direction of rotation has reversed. 

A negative BEMF voltage condition also commonly 
occurs when driving stepper motors because these systems 
have no position feedback and thus the phase lead of the 
rotor typically causes the BEMF voltage to be negative 
towards the end of each step. 

With reference to FIG. 4, when the bridge driver of FIG. 
3 is operated in the four-quadrant PWM control mode to 
drive load current in the direction from left to right through 
the load, transistors 30 and 33 are simultaneously PWM 
chopped. During each chop-off time, the inductor voltage of 
the inductive load generates a decaying current 1^ in the 
loop through the load, and the two flyback diodes 35 and 36. 
The rate at which the inductive load current decays in four 
quadrant decay mode is governed by the equation dT/dfc=(- 



respcctively across the four bridge driver transistors. There 
is included a PWM -driver control circuit means connected 
to the input gating elements of the four driver transistors. 
The control circuit means is first for periodically gating on 
s at least one of the driver transistors for an on -portion of each 
PWM period to drive current through the load, and secondly 
for subsequently gating off the at least one driver transistor 
for the remaining off-portion of the PWM period. This PWM 
control circuit is capable of operating in the two quadrant 
10 control mode or in the four quadrant control mode, and has 
a mode input conductor to which a mode-control binary 
logic signal of one type and the other type may be applied 
for determining respectively whether, during any portion of 
each PWM period the PWM-driver control circuit is oper- 
15 ating the driver in the two quadrant control mode or in the 
four quadrant control mode. 

Two quadrant operation means turning on said at least one 
bridge-driver transistor while holding on the diagonally 
opposite bridge-driver transistor, e.g. chopping the at least 



Vbb-V^^^V^^l^R jyL, where Vbb is the load sup- 20 one transistor while holding on the diagonal transistor. Four 



ply voltage, is the total voltage drop across the two 

conducting diodes, Vbemf is the back electromotive force (if 
any), 1^ is the current through the inductive load is the 
series resistance of the inductive load, and L is the induc- 
tance of the inductive load. The load current thus decays 
exponentially, and would asymptotically approach a value 
given by (-Vbb-V^^Vj^yR*. were it not for the 
reverse current blocking property of the diodes. Thus for 
four quadrant mode of operation of the bridge of FIG. 3, the 
load current decay rate is much faster than for the load 
current decay rate in two quadrant operating mode thus 
allowing the PWM circuit to regulate the load current down 
to a lower value of current before the minimum duty cycle 
of (he PWM system becomes the limiting factor, than in the 
case of the two quadrant mode. 

However, at low values of load current the high rate of 
decay causes the load current to decay to zero prior to the 
end of the off-time. The resulting load current wave form is 
said to be discontinuous and results in a non-linear relation- 
ship 286 at low current levels, between V^and the average 
load current as shown in FIG. 2. While this non-linear 
relationship is not desirable it is better than not being able to 
regulate current in most systems. 

Two quadrant operation has the advantage, over four 



25 



30 



35 



40 



quadrant operation means simultaneously turning on and off 
said at least one bridge-driver transistor and the diagonally 
opposite bridge-driver transistor, Le. simultaneously chop- 
ping the two mutually opposite bridge transistors. 

A mode-switching means is connected to the mode input 
conductor of the PWM-driver control circuit means for 
during one part of the FWM-pcriod off-portion producing a 
binary logic signal of one type and during the other part of 
the PWM -period off-portion producing a binary logic signal 
of the other type. The PWM controlled bridge is thereby 
enabled to operate alternately in two and four quadrant 
operating mode during any single PWM period. 

This invention recognizes that by mixing two and four 
quadrant operation of a PWM controlled bridge driver 
during one or more PWM periods can result in good PWM 
regulation over a wider range of load currents while at the 
same time suffering little of the above-noted disadvantages 
of only two or only four quadrant operation each period, as 
in the prior art These advantages are of special significance 
in many applications of PWM bridge drivers with motor 
loads wherein the load current may be rapidly changing 
between high and low ranges many times a minute. A 
pertinent example is in micro-stepping motor applications 
wherein the applied PWM reference voltage is typically a 50 



quadrant operation, that much lower ripple appears in the 45 Hz to 2 KHz sine wave repeatedly passing through critically 

load current leading to closer regulation for the range in important low reference voltage levels each half sine wave 

which load currents are high, eg. less off-set between the cycle. 

curves 28 and 29 in FIG. 2. Furthermore, because the t^s invention further includes circuit means for deter- 

hysteresis core losses in the inductive load are proportional mining optimum times for changing during a PWM period 

to the ripple current, lower ripple current results in less 50 f rom mo quadrant operating mode to four quadrant oper- 



heating and power loss in the load. And, two-quadrant 
operation results in lower switching losses in the driver since 
only one bridge driver transistor is PWM chopped. 

It is therefore an object of this invention to provide in a 
PWM controlled bridge driver for an inductive load, the 
capability for operation in the two-quadrant operating mode 
except for intervals during portions of the PWM chopping 
off-times (load current decay times) in which four-quadrant 
mode operation is effected. 

It is a further object of this invention to provide such a 
PWM controlled bridge driver having means for controlling 
the percentage of the off-lime in each PWM period during 
which four quadrant operation is effected. 

SUMMARY; OF THE INVENTION 

A bridge driver circuit is of the kind having four bridge 
driver transistors, and four fly-back diodes connected 



ating mode (or visa versa), and for automatically instructing 
the PWM bridge control circuit to so mix, or even not to mix, 
the operating modes each PWM period. 

55 BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows a circuit diagram of a PWM driver of the 
prior art with an inductive load. 

FIG. la shows a waveform of the timer signal including 
w set pulses for periodically setting the latch in the driver of 
FIG. 1. 

FIG. lb shows a waveform of the load current having 
superimposed thereon the sensed-curxent spikes coincident 
with the leading edges of the respective set pulses, in the 
65 driver of FIG. 1. 

FIG. lc shows a waveform of the reset signal at the output 
of the comparator in the driver of FIG. 1. 
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Mtrt^^^^Z f^^y i^cal PWM For example, tf V is fixed at 20ps and the PWM timer 

half budge driver. PWM control circuit 38 controls the frequency is 20KHz in a single transistor or bridge driver 

gating of the four driver transistors, ideally to regulate the opiated In twtvquadrant PWM mode men me PWM period 

average load current to follow proportionally the amplitude "™m«uc, men me rwjvipenoa 

of me applied reference voltage V^in the direction (left or 5 I Vwv=<..+V=**> KHz=50 (*. 

right in the load of FIG. 3) as directed by the applied loeic tk... .„ „ A • t 

signal The driver transistor gating logic X of FIG JS* to . * VO £ ^ noise mc 30 us 

4 is for an input direction signal V^thafcauses the load ^ fY?* e ^ 8 maximum (on-time) duty 

currents and decay currents to flow through the load from fr, ,. , A . 

left to right as shown. u me flxed ton (including control loop delays and driver 

When the two-quadrant PWM control mode is to generate 10 d 5£'? * } S ps men * c nunimum duty cyde is 

a driver-induced current in the direction from left to right P* n , y J£*.*t 20) = 7 *- tend » be typical num- 

through the load, either transistor 30 (or 33) is held on while « FWM dnven smaU motor loads - 

transistor 33 (or 30) is PWM chopped For the case that „ - m e3rtreme of applying a reference voltage 

transistor 30 is chopped, during each chop off-time of v ^of zero volts to the PWM controller of a single transistor 

transistor 30 the inductive voltage of the load generates a 15 * t0a tw<M i uadrant PWM controlled bridge driver, then the 

clockwise decaying current 1, 5 in the loop through the load. ? ^ PWM controller will drop to the minimum 

the continuously-on transistor 33, and the flyback diode 35 v 7 *' When Ac s y staa & enabled, (FIG. 1*) the 

And when the load is a motor, there is added the BEMF T"^ 1 during mc facd ""-^ l ~ foUowed by a 

voltage of the still rotating motor to the inductor voltage ~ c ? n ™ t ^ for me ^ off time V 

leading to a change in the decaying load current in each 20 yplcaUy - because it is usual to operate with a large DC 

FWM period after time t in FIG. lb su PP J y voltage to achieve a fast load-current rise time (eg. 

For the case where transistor 33 is chopped, during each S'f m !Sf load currcnt , 

chop off-time (t a to t,) of transistor 33 mcA^ge^ntraS ^JT^St PWM operation, will not fully 

by me inductive" load generates a SSto! „ ^f^?!** * ^°? t 00 ^ (at ^ 1,1 me 
ing current I M in the loop through the load, meon^Sr * ^DtPWM timer periods the load current will stair- 
30 and the flyback diode*, derate at wtkfamc £? *rTC. 5 for the situation wherein 

load current decays is governed by the equation <07dtK- voltllge is , tura ?J oa : me V ««^ is zero - 

WV D -V^(Rs^>))/L, where V^ r is me ToUage SfmeS^lS^r , * nG * «™ 41 
drop across the conducting transistor. V^is the vohage - ^ jJ^^Sf ^ loadcunentmcrensefortheon 
across the conducting diode, is the back dectromo- 30 * C TJ^^^ " «Ff to zero. Curve 406 

tive force (if any), £ is the cZ through the m^X T ^J?"*** 'W** ° f lM<1 CUITcm decrcasc 
load. Rs is the resistance of the sensing resistor, and L SZ f.T 8 '^r*!? ^ f^^o quadrant decay 
inductance of the inductive load. The load current thus Jf?"** » *«« c whcre v «™r * equal to zero, 

decays exponentially, asymptotically approadune a value load current FWM wave form can be seen to be a 

given by^ M ^V„lv„ MrS ° Ppr ° aCWn8 a value 35 composite of these curves for the appropriate times, mode of 

V L^ d^XSL current, when ^ ^ ^ EVentUaUy ^ 

the chopped driver transistor o Se bZVdri^iuTo, ^^,?'fri at /r5 ^ ^ 1™ ^ 

Pin i ^Z.*!,,. ~ "T^ . ^ . T , onrcsponds to the level of load cuirent in FIG. 2 at which 

HG. 3 operating in the two-quadrant mode, is nearly the PWM is poor 

Sve^t^^^^^f^ pSlLia^^ce"^ 

I? 1 £ 0pcra f 8 J U> . ^f" 1 " m0de - «e driver circuit of FIG. 3 is powered up in two quaSn, 

FIGS 1 ^ •^K^^ „ %JT te ° r ° f °P« tfe » n»ode. Tlus is the «ieme of me low levdran? 

FIGS. 1 and i.d.ePWM dnver of FIG. 3 operating in the 45 of reference voltages in which the load current during ead, 

MJeST^ T^' ^ *<^,^tonsistor is PWM period, rJctes the corresponding senS^en, 

SilTT, L^r^ iT" ^ ^ a) f °f.t V8luc ^ * e M bave tarred. The rising load 

2^J^i,H , ^ f nV ^f! tU1 S, ,atCh (C * 18) cmrenl P 0 ^ 005 ia curve 42 have the same steep slope i that 

cannot respond to a resetting pulse attributable to a transient of curve 40 at those low levels whereas The faflL load 

n^^^ 11 ^ 1 ^ 0 ** 6 ^ 8 ^^ 50 P**™ 10 «™ 42 ^e the sa«e7oi«uJof 

Iw ir^^v 3 Sh T„ CTnTCnt -^ the shallow slopes portions of the curve 40*Ttbe corre- 

T ! J? ^ V 15 i? W eDtXJgb ^ me ,oad sponging time span. Thus, for either fixed frequency or fixed 
^/v^* Wh<XC *Z XDSC . V0lta n, Vs J ust off-time PWM operation the load current^duaJly stair 

^ t ^Y^ ^^^L^^ 'T*** IC) ° f steps up to an eqlulftrium average value iffa whkhZ 
Utch 18. But latch 18 ,s hdd latched and cannot control the 55 load current rise and fall in each PWM pcriod'are equal. This 

arf ^rlS™^ t T^? n /^ b ^ t r - ^ "-chanism by which regulation^ PWM brid^ 
at t,. wdl resettmg occut At this point, the lower the applied load current using two quadrant operating mode FWM 
\Vbecomes, the poorer the load current regulation deteriorates at low levels of referencevoltage 

»r . ^ , , ,, A non-zero value of Vbbmf bas the effect of shifting the 

Unfortunately this fixed driver on-time t^ (t, to tj) 60 curves 41. 40fc and 40o in FIG. 5 down by an amountlqual 

subtracted from the PWM period between leading edges to Thus positive values of V^™ will reducethe 

(e,g. at t, in FIG. lo) of PWM timer pulses determines the value of 1^ and more importantly, negative values of 

ma ^ u ™P°ii i 5 1 f off-ttoe t^during each PWM period. In wiulncrease the value of 1^,. Furthermore, if the 

practice the PWM tuner frequency (1/PWM-peziod) is fur- value of is negative and becomes of sufficient 

tfaer _hmited toa minimum of 20 KHz to avoid causing « magnitude that dl/dtx^-V^^V^V^^^^+R^W). 

audible noise The net result is that the FWM system has a then the load currenrwiU nolSnge? debase during toe two 

maximum driver duty cycle (tJU^-H^). quadrant PWM off-time, but instead will increase such that 
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PWM INDUCTIVE LOAD BRIDGE DRIVER sensing resistor 14, tending to immediately reset the latch 

FOR DYNAMICALLY MIXING FOUR AND 18, defeating control of load current by the applied reference 

TWO QUADRANT CHOPPING DURING voltage. 

PWM PERIOD OFF TIME In the patent to A. W. dark and B. A- Zacker, U.S. Pat 

5 No. 5,057,765, issued Oct 15, 1991, there is described one 
method for causing the control circuit to ignore this spike. 
REFERENCE TO RELATED APPLICATION This is accomplished by generating blanking pulse from t x 

. . ^ to u used for blocking any reset signal from the sensing 

This is a Complete Application claiming the benefit of die m ^ Tcaching mc rcsct input of a simple set/reset 
Provisional application Ser. No. 60/001234, filed Jul. 19, |Q ^ ^ gfttcs Qn ^ off ^ ^vcr transistor. This patent 
1995. j£ assigned to the same assignee as is the present inventioo. 

BACKGROUND Alternatively, a latch 18 employed in FIG. 1 may be of the 

^ w ^ kind to be held latched on after each set pulse for a fixed time 

This invention relates to a pulse-width-regulated (PWM) ^ ^ commensurate with the expected duration of the 
bridge driver for an inductive load, and more particularly to 13 current spike. Such a latch is known as a set-dominated latch 

such a driver having a PWM controller providing circuit in which application of a reset signal is ineffective during the 

means for mixing two and four quadrant chopping during application of a set pulse, namely from times t x to tj. The 

the off-time of each PWM period. maximum pulse width of current spikes is typically half a 

FIG. 1 illustrates the construction of a simple PWM driver microsecond, and in that case the width of the spike - 
of the prior art employing a single driver transistor for an 20 blanking set pulse may then be conservatively fixed at one 

inductive load to illustrate problems common to both prior or two microseconds. 

art single transistor inductive-load PWM drivers and four- The current spike is basically attributable to the driving of 

transistor bridge inductive-load PWM drivers. Wave forms an inductive load 12, comprised of an inductor 24 having an 

of signals in the PWM driver of FIG. 1 are shown in FIGS. associated resistance represented by resistor 25. When using 
la, lb, lc and Id. 25 an inductive load, it is conventional to employ a fly-back 

A driver transistor 10 has a load 12 connected between the diode 26 for preventing damage to the driver transistorlO 

emitter and the +Vbb bus. A load-current sensing resistor 14 during periods just after driver transistor 10 shuts of .The 

is connected from emitter to the ground bus, serving as a flyback diode 26 then becomes forward biased and shunts 

current-to-voltage transducer to produce a sensing voltage the current caused by the back-voltage across the inductor 

that is proportional to the peak load current, 1^ in FIG. 1*. 24 (additionally including the back electromotive force. 

The PWM control circuitry includes a timer 16 for gener- BEMF, when the inductor is a motor or solenoid), and 

ating timer pulses (FIG. la) at the set-input of a latch or latch prevents a large positive back voltage from appearing at the 

18 A comparator 20 has one input connected to the sensing collector of driving transistor 10. This shunted mductor 

resistor 14 and another input connected to a reference-signal current then decays until the transistor 10 turns on again, 

input terminal 22 During operation of this PWM control When the driver transistor 10 subsequently turns on, me 

drcirit, timer pulses are periodically applied at times t x by inductor current just having flowed through the diode 26 

the timer 16 to the set input of the set-dominated latch 18. leaves in the FN junction thereof a stored charge which now 

Each set pulse at timet, triggers the latch 18 which gates discharges as a spike 15 of current torough the just turned on 

on fce transistor 10, by gatingpulses as in FIG./d. The load driver transistor 10 through the sensing resistor 14. Abo 
i S the mducti^e load 12, transistor 10 and 40 contributing at times t» to this anient spike of diode 

Sg SS ijrSsas governed 'by equation dl/dt= recovery charge are dishes torn F^yjiarged 

rvHK-V _v _^fi fRs4tt %VL where Vbb is the load stray capacitances in the circuit wiring, in the o>Uector-oase 

tracer 10, is the back electromotive force (if any), 45 bducave load 12 and tode26. 

L is the currenttoough the inductive load 12, K L is the As is indicated in FIG. 2, such mducuve-ioad PWM 

series resistance of the inductive load, Rs is the resistance of driver circuits regulate well over a wide range of operating 

the sensing resistor 14, and L is the inductance of the conditions. Over this range the average load current is 

inductive load The load current thus rises exponentially, approximately a linear function of the reference voltage 

asymptotically approaching a value given by (Vbb-V^j- ^ Vref. 

V^j^yOfc+RJ. For the higher values ofV^the average value of the load 

When at times t a the sense voltage across the sensing current 1^ (curve 28) is displaced shghUyfrom the iteaUy 

resistor 14 reaches the value of the reference voltage that is regulated average load current (curve 29) because FWM 

being applied to the FWM driver control input terminal 22, control actually regulates with respect to peak load current 

the comparator produces a reset pulse, as in FIG. lc. Each 33 in each PWM period, the load current peak ccrresponding to 

reset pulse resets the latch, in each instance terminating 1^ in FIG. lb. where I^V^/Rs. However, regulation 

gating pulses (FIG. Id) generated from the 44 Q" output of deteriorates at low values of reference voltage, e.g. at below 

Schl8?Q)nsequently, the on-times of the PWM<ontroUed a certain low value of the corresponding load current 

load current, L, and thus of the sensed current, Is, are 1^ tends not to drop any longer and to remain j^**"" 

directly related to the reference-signal input voltage, Vref, in « current value, 1^ The reason for this is explained further 

the large region of good regulation of the load current 1^ below. 

Thus in this region, the average load current is also The bridge driver of FIG. 3 includes the four driver 

directly related to Vref. transistors 30, 31, 32 and 33, paraUeled respectively by 

Consideration must be given to the fact that at each time fly-back diodes 34, 35, 36 and 37. The inductive load 

t. when the transistor turns on, and before there is time for 65 represents one phase of a split field-winding of a rnulti-phase 

the current through the inductive load to have risen motor. Conductor branches 39 lead to other phases of 

substantially, a large spike of current flows through the split-field windings (not shown) in the same motor, each of 
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